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“Science can not be expected to make advances if it 
can operate only in a climate of conformity to view¬ 
points that rest on older, father than newer, data.” 

and 


“Counter-intuitive results like these are the stuff of 
great science, because they force us to re-examine 
and revise our paradigms." [l] 


In the recent issue of Muwion Research Forum 
(1:2-3, 1996). Dr. Galloway raised very important 
issues related to assessing the value of cytogenetic 
assays for chromosome breakage compared to in 
vitro assays for gene mutations. Site correctly high¬ 
lighted several valid points, particularly those related 
to nott-genotoxic agents which induce cytotoxicity 
and lead to false positive results. 

In addition to iter important message, I have 
raised several Ollier serious problems in the interpre¬ 
tation nf all in vitro assays to detect mutagens, 
especially in the context of testing the paradigm, 
‘Carcinogens as mutagens’, and validating one in 
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vitro genotoxiciiy assay with another £2-4], In brief, 
trying to ’validate' the in vitro genotoxiciiy assays 
(e.g„ lJDS, SCE, chromosome aberrations, micrunu- 
dei, comet assay, TK, HGPRT, ouabain, DNA' post 
labeling, etc.) with the rodent bioassays for ‘carcino¬ 
genicity’ can be likened to the attempt of the ancient 
Greek astronomers who tried to ‘save the appear¬ 
ances’ [The Pythagorean or geocentric view of the 
universe]. The use of more and more equants and 
epicycles to predict the motion of the planets as new 
observations were made that appeared to contradict 
the notion that the planets should traverse in perfect 
circular orbits caused the theory to collapse of its 
own weight. Both the in vitro assays and the rodent 
bioassays have all kinds of built-in limitations, as¬ 
sumptions and potential artifacts which are rarely 
acknowledged in the interpretations of ‘'positive’ re¬ 
sults. In other words, if a given agent can be shown 
to induce a ‘positive’ result in SCE’s, UDS, chromo¬ 
some aberration, micronudei, HGPRT, or TK fre¬ 
quency in vitro and the same agent induces cancer in 
some rodent bioassay, it is automatically assumed by 
most that the agent is a genotoxie carcinogen. 

The literature is now replete with numerous ex¬ 
amples of agents which can induce ‘positive’ results 
in one or more of these short term ‘genotoxtciLy’ 
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assays but which are obviously not genotoxic. The 
concept of epigenetic toxicity [5-7], defined as the 
alteration of gene expression at the transcription, 
translation or ptisttransialionol levels [6-91, has only 
recently been entering the mindset of those in the 
field of environmental mutagenesis. For example, 
while no one doubts that X-rays and UV light are 
mutagens, only recendy are experimentalists recog¬ 
nizing that these true mutagens can induce signal 
transduction to alter gene expression f 10]. These are, 
in addition to being mutagens, also epigenetic toxi¬ 
cants. With regard to chemical ‘carcinogens', three 
major concepts must be emphasized, namely, 
carcinogenesis is more than mutagenesis [II]; car¬ 
cinogenesis is a multi-step, multi-mechanism process 
[12], and most chemical carcinogens’ are not geno- 
toxic [11,131 

While the elaboration of the rationale for each of 
these points goes beyond this short letter, several 
examples need to be illustrated. If a given chemical 
has been shown to he associated with cancer induc¬ 
tion in a rodent and, in fact, associated with mutated 
oncogenes found in die tumor of the rat, it docs not 
necessarily mtan the chemical induced the mutation 
found in the. tumor of chemically-fed rodent (see for 
example Ref. [14]). Also, many so-called ‘carcino¬ 
gens’, such as peroxisome proliferators, PBB's, 
TCDD, MNNCJ. ate known to induce vjirtous signal 
transduction mechanisms and modulate gap junc¬ 
tional intercellular communication [11,15-17], fit 
other words, they act as tumor promoters, rather than 
as genotoxic initiators. Even plicnobarbital, TPA and 
saccharin are still, viewed by some as ‘weak muta¬ 
genic carcinogens’. An alternative explanation lor 
these negative genotoxicams being ‘carcinogens' in 
rodents nor deliberately fed a known initiator is thut 
they promoted pre-existing initiated cells. Without 
getting into another common explanation to save the 
concept of ‘carcinogen as mutagen,' tile fact that 
some of these chemicals might cause cell prolifera¬ 
tion and it is the frequent cell division that ‘causes’ 
the genotoxicity indirectly Is probably incorrect also 
[18-20]. While it is true that some chemicals, by 
heing very cytotoxic at high doses which occurs 
frequently at the maximum tolerated dose in rodent 
bioassays, can induce compensatory hyperplasia and 
other physiological imbalances, other non-genotoxic 
chemicals act as mitogens for the initiated cells by 


inhibiting gap junctional intercellular communication 
(GJIC) [I l] at turn-cytotoxic doses. 

In addition to the point raised by Dr. Galloway 
about the complex role that cell death plays in 
assessing the true frequency of gene or chromosome 
aberrations in vitro, rc-asscssment must he made of 
how a given physical or chemical agent causes the 
death of a cell (e,g„ necrosis or apoptosis). Classi¬ 
cally, the frequency and rates of mutations have been 
calculated on the ‘survival’ of cells treated with the 
given agent. The death of those that did not survive 
has been assumed to have died of necrosis. Given the 
possibility that some chromosome aberrations in 
scored cells could have been the consequence of 
cytotoxicity not the result of genotoxicity and others 
the result of genotoxicity leading to both cytotoxic 
and nan-cytotoxic consequences, the fact that many 
agents have recently been shown to induce apoptosis 
(including X-rays and UV light) raises the concern 
that differential frequencies of mutations (gene and 
chromosomal) might exist between those cells in¬ 
duced by the agent in die by apoptosis from necrosis 
or from those that survive [21], 

The phenomenon of apoptosis in the carcinogenic 
process, particularly in the tumor promotion phase of 
carcinogenesis, when the clonal expansion of the 
initiated cell takes place, makes the issue of ceil 
death important for several additional reasons. First, 
it has been postulated that tumor promotion is, in 
part, due to the inhibition of apoptosis by tumor 
promoting agents [22j. The hypothesis is that cells 
with genetic damage, by not being eliminated by 
apoptosis, survive to give rise to cancers [23}. While 
this hypothesis appears to be testable, several obser¬ 
vations should be noted. First, animals initiated can 
be promoted many months after the initiation treat¬ 
ment. This suggests tluit many initiated cells are not 
induced to die immediately after exposure to the 
initiator. Second, many of the agents that induce 
apoptosis are noL genotoxic (e.g„ retinoids, dexa- 
mediusoite) and non-DNA cellular targets seem to 
needed for apoptosis to occur [24.25], Third, there is 
a real differential sensitivity of stem cells of one 
tissue from those of another tissue to induced apop¬ 
tosis in vivii as shown by Potion [26], Lastly, tumor 
promoters, such as TPA, phenobarbitai, TCDD, etc. 
inhibit apoptosis. If these agents arc ‘genotoxic’, as 
some beiieve because they can induce oxidative stress 
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in cells and because oxidative stress has been linked 
to apoptosis [27,28], then another complexity enters 
the equation. 

The full significance of the concept of tumor 
promotion has been missed because of multiple defi¬ 
nitions which have not understood that the initia- 
tion/protnotion/progression model of carcino¬ 
genesis has been derived, empirically or opera¬ 
tionally, at the whole animal level, not mechanisti¬ 
cally. Given that perspective, the model has been and 
continues to be a powerful insight to carcinogenesis. 
II clearly indicates that the different phases of car¬ 
cinogenesis are mechanistically very different. For 
example, initiation and progression appear, opera¬ 
tionally, to be irreversible events, while the promo¬ 
tion phase appears, operationally, to be imerruptablc 
and even reversible. Clearly, mutagenesis could be a 
mechanistic explanation for, initiation and progres¬ 
sion, while mitogencsis could be a mechanistic basis 
for promotion (Please note that while inhibition of 
apoptosis could play a role in promotion by prevent¬ 
ing the death of an initiated cell, ceils still must 
proliferate to form a prcmalignant lesion), we could 
fall into a blind Leap by making the assumption that 
ail irreversible events are caused by mutagens and 
that ‘mutagens*, classified by short term genotoxic 
assays, are initiators by their mutagenic action. 

Again, while it is beyond the scope of this brief 
commentary, several examples could be used to illuv 
rratc this point. DMRA, a ‘classic mutagen’ has been 
shown to induce in vitro transformants and breast 
cancers in vivo, acted more as a tumor 
promoter/mitogen than it did an initiator/mutagen 
[29]. MNNG. another classic 'mutagen', can induce 
in vilru and in vivo transformants and tumors, re¬ 
spectively. Yet, uL noil-cytotoxic levels, it can inhibit 
GJ1C [17], GJ1C is a fundamental biological process 
needed to maintain homeostasis. Chemicals that in¬ 
teract with all celts have the potential of triggering 
various signal transduction mechanisms [10,30] 
which, in tarn, can cause epigenetic changes in the 
cell by rapid pnsitranslationaJ modifications of pre¬ 
existing proteins [30,31], such as the gap junction 
proteins [32] or by later changes due to transcrip¬ 
tional alteration of genus, possibly by altered cneth- 
ylation [33], X-rays can induce in vitro transfor¬ 
mants, yet these transformants can be phenotypically 
reversed by agents causing altered methylation of 


genes [34], Some ugeiils. such as X rays, could 
Induce both signal transduction -altered epigenetic 
changes [34-37] and DNA damage leading to a 
viable chromosomal exchange, which, in turn, might 
lead to altered gene expression, In other words, our 
terms for it being a mutagen does not adequately nr 
accurately explain its mechanism of action. 

Another illustration of how both the paradigm of 
‘carcinogen as mutagen’ and limitations of short-term 
in vitro ‘genotoxicily’ assays give rise to misinter¬ 
pretation of ‘positive’ in vitro results is that where 
saccharin, a weak bladder tumor promoter, was char¬ 
acterised as a ‘mutagen’ [38], Virtually every test of 
saccharin has shown it to he a non-mutagen, Yet in a 
human cell line, saccharin was shown to induce the 
ouabain-resistant phenotype under very specific con¬ 
ditions. Normally, a ouabain-resistant cell is inter¬ 
preted as having a point mutation in the Na + /K' 1 - 
ATPnsc gene. However, saccharin can have mem¬ 
brane effects (i.e., through Cu 2+ perturbations). Con¬ 
sequently, a ‘positive’ effect of saccharin on the 
ouabain-resistant phenotype may also be an artifact, 
in the manner similar to temperature and c-AMP are 
artifacts in the ouabain mutation assay [39]. 

Heavy metals, by their ability to induce oxidative 
stress in cells, are commonly assumed to be .muta¬ 
genic. However, l.*e et al. [40] have clearly shown 
that carcinogenic nickel alters DNA methylation such 
that when cells are treated With nickel, 6- 
thioguaninc-resistant phenotypes were induced in 
gri 1 Chinese hamster cells. Yet, reversion of these 
grt negative cells occurred alter treatment with .*>- 
a/acylulinc without mutagenesis or deletion of the 
gene. This indicates that nickel could contribute to 
the multi-stage carcinogenesis process by altering 
gene expression by altered methylation, not by mula 
genesis. 

Several other examples will bu used to round out 
this critique. The phosphatase inhibitor, okadaic acid, 
a powerful skin tumor promoter, has been shown u> 
be a powerful ‘mutagen’ in one, and only one. In 
vitro mutation assay [41], If it is such a powerful 
mutagen and if mutagens are effective initiators, then 
why Is it not an initiator and why can its promoting 
activity be reversed? One explanation is that okadaic 
acid, a known phosphatase inhibitor, by altering the 
phosphorylation of die EF-2 protein, causes the culls 
to become resistant to cholera toxin and give the 
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appearance oi' being a mutation in the £F-2 gems, 
when, in fact, it is a phenocupy. Another example is 
the chemical, 2,4-dmitrufluorobenzene, a known tu¬ 
mor promoter and inhibitor of gap junctional inter¬ 
cellular communication, is a powerful ‘mutagen’ in 
the Ames assay, but not any mammalian in vitro 
assay {42,43]. 

Finally, l have indicated years ago at an EMS 
meeting that the ‘Emperor wears no clothes in die 
field of genetic toxicology’ [44j_ The purpose of that 
talk was to illustrate the bankruptcy of the paradigm, 
‘Carcinogen as mutagen’, and the limitations of ail 
in vitro assays for mutagenesis and of the in vivo 
bi truss ay protocol. This is not to say that mutations 
arc not important because, obviously, mutations are 
the causa, of hereditary diseases via the germ line, 
and mutated genes are associated with many somatic 
diseases. Including cancer. However, this brief reac¬ 
tion io Dr. Galloway's article is designed to supple¬ 
ment the issues she raised and to highlight the point 
that more awareness must be given to the underlying 
assumptions made in the Held of mutagenesis and 
carcinogenesis about both the in vitro assays being 
used and the rodent hjoassays to which they are 
being used to cross-validate each other. Most Impor¬ 
tantly, this supplement was written to draw attention 
to the real roles that epigenetic mechanisms play in 
the interpretation of in vitro ’genotuxieity* assays 
and in the rodent bioassays. 
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